The distal part of SSC7, which contains the ortholog to the ovine region encompassing the callipyge locus, was analyzed in a Piétrain F 2 resource population comprising more than 2,700 offspring. The aim of the study was to map QTL affecting carcass traits comparable with the callipyge phenotype in sheep. We applied an interval mapping approach using 14 microsatellite markers and detected 3 QTL with small effects. The first QTL affects fat thickness on the middle of the back, with no detectable impact on fat sizes at other places on the back, whereas the second QTL affects side fat thickness. The third QTL influences the ham weight and shows a clear parent-oforigin-dependent effect in the form of maternal polar overdominance. It is not located at the position of the imprinting cluster including the callipyge locus, but 7 cM proximal.
INTRODUCTION
In diploid organisms, gene expression of the 2 parental alleles can be very different, a phenomenon known as allele-specific expression. Genomic imprinting is a prominent underlying mechanism in which the expression of alleles is determined by their parental origin. The intensity ranges from unequal expression to the complete repression of 1 parental allele, equivalent to a functional haploidy. This leads to expression patterns noticeably deviant from the classic Mendelian inheritance models. In mammals, this mechanism is essential for embryogenesis, observable in the failure of parthenogenetic embryos to develop because of the fundamental functional differences of the parental genomes (McGrath and Solter, 1984; Surani et al., 1984) . Impairments of mechanisms related to genomic imprinting can result in serious developmental defects. Genomic imprinting is an epigenetic modification that changes the function of the involved DNA without altering the nucleotide sequence, primarily by DNA methylation (Reik et al., 1987; Sapienza et al., 1987; Swain et al., 1987) . Although differentially methylated regions are found in almost every imprinted domain, other mechanisms, such as histone and chromatin modification, might be of importance in the parent-of-origin (par)-specific epigenetic marking of the DNA.
An example for a special expression pattern caused by this imprinting effect in livestock is the ovine callipyge phenotype, a muscle hypertrophy in the form of enlarged diameter of the fast-twitch myofibers (Carpenter et al., 1996) . The resulting enlargement of musculature is not uniform; the muscles of the torso and pelvic limb are considerably increased in size, whereas the thoracic limb is less influenced. This causes a noticeable shift in muscle distribution toward the hindquarters (Jackson et al., 1997) . The responsible mutation, CLPG, was identified on Ovis aries chromosome 18 within the intergenic region between the genes DLK1 and GTL2, in a cluster of reciprocally imprinted genes, influencing their expression with unchanged imprinting status (Cockett et al., 1996; Freking et al., , 1999 Freking et al., , 2002 Georges et al., 2003; Smit et al., 2003; Bidwell et al., 2004) . Only heterozygous animals with the mutation inherited from the sire exhibit the hypertrophy phenotype. This par-dependent pattern of inheritance was termed polar overdominance (Cockett et al., 1996) .
Whereas the callipyge phenotype is characterized by hypertrophy in several muscles, another ovine phenotype called rib-eye muscling or Carwell is confined to the LM Walling et al., 2004) . The Carwell locus has been mapped to the same chromosomal region on Ovis aries chromosome 18 adjacent to CLPG Nicoll et al., 1998) , but no par-dependent effect has been reported (Jopson et al., 2001) . Together, these findings support the hypothesis that QTL affecting muscle-related carcass traits might be present in the orthologous chromosomal regions of other mammalian livestock species.
In the pig, polar overdominance has been reported for growth and fat deposition traits influenced by a polymorphism in the DLK1 gene (Kim et al., 2004) . However, no QTL affecting traits comparable with the ovine callipyge phenotype have yet been mapped to this chromosomal region. The aim of this study was therefore to identify possible QTL for similar traits such as ham weight (HW) in this region by using a very large pig F 2 resource population.
MATERIALS AND METHODS
All procedures involving living animals were approved by the local animal care and use committee and were in agreement with the German animal protection act.
Animals and Traits
A large 3-generation resource pedigree comprising a total F 2 progeny of 2,741 animals was used in this study. The pedigree was established by mating 5 purebred Piétrain boars to 1 Large White, 1 Landrace, and 15 Large White × Landrace crossbred sows. Subsequently, large F 2 families (245 to 636 F 2 animals) were established by repeatedly mating 14 F 1 boars to full-sib sows. With the use of divergent outbred founder breeds and the large F 2 full-sib families, a pedigree with an increased detection power for par effects was implemented. Comprehensive phenotypic data, including growth, body composition, carcass and meat quality traits, congenital anomalies, and possible environmental factors, were recorded for the population. Blood samples (3× 9 mL) were collected from all animals and the DNA was extracted with a salt extraction method optimized for frozen blood.
All trait data listed in this study were collected on the carcass after routine slaughter in an abattoir without any intervention in the living animal. Methods of measurement and calculations were used according to the performance testing directive of the Central Association for German Pig Production [Zentralverband der Deutschen Schweineproduktion (ZDS), Bonn, Germany].
Carcass weight was determined directly after slaughtering, whereas the HW was obtained after cooling and was therefore corrected by 2% to account for cooling loss. Backfat thickness was measured as the largest fat depth over the withers, the smallest fat depth over the middle of the back (BF middle ) and the smallest fat depth over the musculus psoas major. Side fat thickness (SF) was determined as the largest meat-free fat depth over the ventral end of the LM. Additionally, fat and meat sizes were measured using the infrared reflection stabin probe Fat-O-Meat'er (Carometec A/S, Herlev, Denmark) between the third-and second-to-last rib. From these data, meat proportion was calculated calculated according to the following formula (as used for performance testing by the ZDS): {meat proportion (%) = 51,279
The meat-to-fat ratio (MFR) was calculated from the loin eye muscle area and the area of overlying fat at an incision between the 13th and 14th rib. In this study, we used 2,404 animals with complete phenotypic data sets analyzing 10 traits (Table 1) .
Genotyping and Linkage Map Construction
Fourteen microsatellite markers (Table 2) , located in the chromosomal region of SSC7 ortholog to the ovine region encompassing the CLPG locus, were chosen from the results of Karlskov-Mortensen et al. (2007) . The markers cover the interval from 109 to 130 Mb of SSC7 (Sscrofa8.52), equivalent to 80 to 102 Mb on human chromosome 14, with an average distance of approximately 1.6 Mb. The PCR primer sequences and approximate marker positions were derived from those of Karlskov-Mortensen et al. (2007) accessed via the pig QTL database (PigQTLdb; http://www.animalgenome.org/QTLdb/pig.html). The marker positions were verified by performing a Basic Local Alignment Search Tool (BLAST) search against the recent assembly of the porcine genome sequence (Sscrofa8.52; pre. ensembl.org), applying an expected threshold value of 0.001 and with an activated RepeatMask option. Based on positional information, the genetic marker distances were calculated using CRI-MAP (Lander and Green, 1987) . After checking for possible double recombinants by applying the CHROMPIC option, we calculated the distances using the FIXED option. Additionally, the assumed physical order of the markers was checked by comparing the likelihood of different given marker orders. The marker genotypes were determined by ratiooptimized multiplex-PCR and subsequent fragment length analysis with an ABI 3130xl capillary sequencer (Applied Biosystems, Foster City, CA). Validation of the obtained genotypes and error checking were per- formed using PEDSTATS (Wigginton and Abecasis, 2005) .
Statistical Analysis
The statistical analysis followed the approach of fitting a linear model to the observed phenotypic data and the calculated probabilities for the parental origin of the loci in between the markers, as described by Haley and Knott (1992) , to test for the presence of a QTL. This single-locus regression method provides 4 estimates for an effect caused by the existence of each genotype at discrete positions. A QTL will become apparent in a test statistic if a polymorphism segregates in the pedigree, which has a sufficient effect on the recorded traits, in contrast with other sources of phenotypic variance.
Included in the analysis of the estimates resulting from these regressions are generally additive (add), dominance (dom), and par effects. They are derived by weighting the estimates with 3 orthogonal contrasts to achieve independent values. The add effect is hereby represented by the phenotypic difference between the 2 homozygous states, dom considered in the offset of the mean of the heterozygous state from the mean of the homozygous state and imprinting as the phenotypic difference between the 2 heterozygous states of 2 alleles, thus a par effect: ternative heterozygous states is proof of a par effect, although it is not sufficient to state the presence of imprinting because other causes, such as maternal effects, cannot be separated from imprinting this way. An imprinting-induced inheritance pattern, such as polar overdominance, would be unrepresentable with add, dom, and par effects alone. This effect would become manifest in both dom and par estimates. Contrasts to reproduce these patterns more appropriately are linear combinations of the contrasts described above, such as dom+par or dom-par for polar dominance and dom+2par or dom-2par for polar overdominance, with the sign depending on whether it is expressed on paternal or maternal origin.
The outlined procedure is implemented in the QTLmapping application GridQTL (Seaton et al., 2006) but without the possibility of including random effects. This software was applied to derive the probabilities for the 4 possible combinations of parental origins in the F 2 at equidistant positions of 1 cM across the covered interval. In the following, the usual letters Q and q are assigned to the Piétrain and the Large White-Landrace origin, respectively. In addition, the marker information contents were obtained from GridQTL.
Based on these coefficient of origin probabilities, a mixed-effects model was fitted using the REML method, including the fixed effects of year of birth, sex, stable, and family and the carcass weight as covariate. The environmental effect of the litter was included as a random effect. Effects going out from the grandparents were omitted because they are sufficiently captured in the family effects in this pedigree structure.
An approximate log-likelihood ratio test described by Haley et al. (1994) was used as the test statistic, and QTL positions are stated as the local maximum. The threshold values for the test statistics were determined empirically by a permutation test at the QTL position following the method of Churchill and Doerge (1994) , which provides an approximated probability of the observed effect under the null hypothesis of no QTL. A Quantitative trait locus for ham weight false positive probability below 5% after 10,000 permutations was assumed to be significant. Confidence intervals were calculated by bootstrapping (Efron, 1979) , a related procedure applicable for this task in QTL mapping (Visscher et al., 1996) . Aside from the utilization of GridQTL to deduce the line and parental origins and marker information contents, all computations were performed using the statistical software package R version 2.8.0 (R Development Core Team, 2008) .
RESULTS AND DISCUSSION
Within this study, 2,404 animals were genotyped, obtaining 83% of the marker genotypes. Verification of the marker positions by BLAST analysis confirmed the assumed order for 10 of the 14 markers. According to version Sscrofa8.52 of the porcine genome sequence, the marker KVL3671 was mapped to SSC16, whereas for KVL1175, KVL6517, and KVL3672, no significant BLAST hits were obtained. The porcine physical distances were compared with the corresponding distances on human chromosome 14 as derived from BLAST analysis ( Table 2) . They were in good concordance except for the interval between the markers KVL6583 and KVL0704, which was unexpectedly small in the pig compared with the human. At the same time, the genetic distance between the markers was larger, as expected from the porcine physical distance, indicating a gap in the porcine genome build. The genetic distances on either side of the marker KVL2445 were large in relation to the physical distance. However, no unlikely double recombinants were identified, and testing the marker order by inserting this marker in all possible positions revealed no better order in terms of likelihood.
Three significant QTL were detected within the analyzed interval (Figure 1 ). The first one affected the trait BF middle , with the peak of the test statistic located at 10 cM, corresponding to a physical position of 120 Mb according to Sscrofa8.52. The second QTL for SF was located at 12 cM (122 Mb), and both were significant (α = 0.01). The third QTL was located at 30 cM (126.2 Mb), affecting HW and reaching significance (α = 0.05). The estimated QTL effects, as summarized in Table 3 , were comparatively small but were significant because the extent of the pedigree used allowed for the detection of minor effects.
Although significant, QTL were identified for the 2 fat-related traits SF and BF middle ; no significant genetic effect on the remaining fat depth measures was found within the analyzed chromosomal region. This indicates a QTL effect restricted to a certain body region. Similar results have been found in other QTL mapping studies, such as in Liu et al. (2007) , Geldermann et al. (2003) , Nezer et al. (2002 ), or Malek et al. (2001 . In the genome-wide QTL scan conducted by Liu et al. (2007) in a Duroc-Piétrain population, the backfat measures over the shoulder, the 10th rib, and the loin were analyzed. Although QTL were identified that influenced 2 of these traits (shoulder and 10th rib, or 10th rib and loin), no QTL was found that influenced all backfat traits.
The QTL detected for HW displayed a noticeable par effect, compared with add and dom effects. However, the dom contrast was misleading when the heterozygote contrast was significant. Because we hypothesized that the QTL might be comparable with the ovine CLPG locus, polar dominance and polar overdominance were considered as additional contrasts. The maximum on HW of 307 g (Table 3 ) was obtained by applying the contrast resembling maternal overdominance, whereas paternal overdominance has been described for the ovine CLPG locus (Cockett et al., 1996) .
When an additional ANOVA was performed for the QTL peak position without any contrast, it became apparent that the QTL genotype qQ was the main source of variance within the 4 genotypes. In terms of QTL alleles, this means that the combination of a paternally inherited Large White-Landrace allele (q) and a maternally inherited Piétrain allele (Q) cause the phenotype of increased HW.
The peak position of the porcine QTL for HW found in this study was neither coincident with the position of the DLK1-GTL2 intergenic region encompassing the ovine CLPG mutation nor with the porcine DLK1 polymorphism reported by Kim et al. (2004) . The QTL at 30 cM was flanked by the markers KVL0402 (21.6 cM) and KVL0201 (30.4 cM). The interval containing the DLK1-GTL2 region was located between 129 and 130 Mb on SSC7, flanked by KVL6583 (36.7 cM) and KVL0704 (42.5 cM). Thus, the peak position of the QTL for HW was located more than 7 cM (approximately 4 Mb) apart from this region. However, the confidence interval covered the entire region. A QTL similar to the ovine Carwell locus seemed unlikely because the corresponding phenotype is confined to the LM and no par effect has been described for this locus (Jopson et al., 2001) .
The QTL detected in the current study had an effect on HW, comprising mainly the mass of musculus glutaei, musculus biceps femoris, musculus semitendinosus, and musculus semimembranosus. On the other hand, there was no detectable effect on other muscle-related traits such as MFR, meat proportion in the entire carcass, or carcass weight. This would resemble the callipyge phenotype, as described in detail by Jackson et al. (1997) . However, the MFR and the meat proportion were derived from fat depths and the measurement of LM only. A change of muscle distribution toward the hindquarter was therefore not detectable and would have required the separate sampling of a sufficient number of muscles across the carcass.
The aim of the current study was to map a QTL affecting traits resembling the callipyge phenotype within the region of distal porcine chromosome 7 ortholog to the ovine chromosomal segment encompassing the CLPG locus. Aside from highly significant QTL for BF middle and SF, we found evidence of a locus affecting HW, with a clear par-dependent pattern of inheritance in the form of maternal polar overdominance. The peak position of the QTL is approximately 4 Mb apart from the DLK1-GTL2 intergenic region, suggesting a QTL different from CLPG. Fixed effects (family as mean) and the contrasts to form the genetic effect estimates additive (Add), dominance (Dom), parent-of-origin (Par), maternal or paternal dominance (M. Dom, P. Dom), and maternal or paternal overdominance (M. Overd, P. Overd). HW = ham weight; SF = side fat thickness; BF middle = backfat depth over the middle of the back.
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